Abstract The business performance of manufacturing organizations depends on the reliability and productivity of equipment, machineries and entire manufacturing system. Therefore, the main role of maintenance and production managers is to keep manufacturing system always up by adopting most appropriate maintenance methods. There are alternative maintenance techniques for each machine, the selection of which depend on multiple factors. The contemporary approaches to maintenance technique selection emphasize on operational needs and economic factors only. As the reliability of production systems is the strategic intent of manufacturing organizations, maintenance technique selection must consider strategic factors of the concerned organization along with operational and economic criteria. The main aim of this research is to develop a method for selecting the most appropriate maintenance technique for manufacturing industry with the consideration of strategic, planning and operational criteria through involvement of relevant stakeholders. The proposed method combines quality function deployment (QFD), the analytic hierarchy process (AHP) and the benefit of doubt (BoD) approach. QFD links strategic intents of the organizations with the planning and operational needs, the AHP helps in prioritizing the criteria for selection and ranking the alternative maintenance techniques, and the BoD approach facilitates analysing robustness of the method through sensitivity analysis through setting the realistic limits for decision making. The proposed method has been applied to maintenance technique selection problems of three productive systems of a gear manufacturing organization in India to demonstrate its effectiveness.
Introduction
Appropriate maintenance of plant equipment and machineries significantly reduces overall operating cost of manufacturing. Additionally, it contributes to customer satisfaction through desired quality and on time delivery. The development of new technologies and managerial practices warrants maintenance crew to ensure having desired technical and managerial skills [1] . Deterioration and failure of systems result to high costs, due to production losses and delays, unplanned intervention on the system and safety hazards. Therefore, appropriate maintenance strategy is necessary in order to prevent failure [2] . Moreover, maintenance crew must select the most appropriate maintenance technique for each machine and manufacturing system out of a set of possible alternatives. In particular, the development of maintenance strategies (i.e. a suitable combination of corrective, preventive and predictive maintenance) must take into account that resource limitation affects maintenance quality [1] . The current practices of the maintenance technique selection are mainly based on the operational criteria in line with machine specification giving utmost importance to the economic factors rather than framing the maintenance strategy based on the strategic importance in combination of technical requirements and efficiency.
There are number of studies on maintenance technique selection framework development and decision making using operational research techniques [2] . The implementation of advanced manufacturing technologies demands reduction of buffers inventory that increases pressure on selection of most appropriate maintenance technique [3] . Therefore, maintenance technique selection has become strategic that needs attention of both voice of customers' (higher management and production people) and voice of technical persons (maintenance crews). Maintenance performance measurement (MPM) is perceived as an important function to achieve sustainable performance of any manufacturing organization [4] . While maintenance performance indicators have been studied extensively, little has been done to develop a systematic approach that embraces every level of business activities (i.e. strategic, tactical and operational) for maintenance technique selection [5] . A maintenance plan, which is based on a rational assessment of priorities and up to date knowledge of the condition of the facilities and inventory, will help to ensure the best use of available resources. Based on this, a model is presented, using the analytical hierarchy process in deciding the importance of the criteria [6] . With asset availability and reliability becoming critical issues in capital-intensive operation, the strategic importance of maintenance in business is needed to be recognized and maintenance management should be based on certain strategic dimension [7] . Maintenance must be viewed in long-term strategic perspective and must integrate technical and commercial issues. A strategic maintenance approach emphasizes on the quantitative business model that integrate maintenance needs with other operational decisions such as production, procurement, marketing and sales [8] . In their work, Luce [9] selects the best maintenance method using Weibull Law by comparing corrective maintenance, systematic preventive maintenance and conditional preventive maintenance. Parida and Chattopadhyay [10] present a multi-criteria hierarchical maintenance performance measurement framework to resolve this issue although their framework does not provide any guidance on the selection of business specific maintenance engineering methods. Arunraj and Maiti [11] propose an approach of maintenance policy selection based on risk of equipment failure and cost of maintenance using the analytic hierarchy process (AHP) and goal programming (GP). Tan et al. [12] propose a risk-based inspection (RBI) methodology to evaluate the maintenance strategy through probability and consequence of accident or failure. They use the AHP to select the most practicable maintenance strategy for specific equipment. Bertolini and Bevilacqua [13] present a combined AHP-GP model. The AHP prioritizes different maintenance policies with respect to the classical failure mode effect analysis criteria (i.e. occurrence, severity and delectability), and the GP formulates a model that led to identification of the best set of maintenance type for the equipment failure modes considered.
Garcia et al. [14] present application of Intelligent System for Predictive Maintenance (SIMAP) to the health condition monitoring of a wind turbine gearbox. Katchasuwanmanee et al. [15] propose a thermal and energy-management prototype system e-ProMan for application in SME manufacturing environments. Dey [16] contributes a risk-based inspection and maintenance approach for cross-country oil pipeline systems that helps selecting varied maintenance methods for different sections of oil pipelines. The quality function deployment (QFD) has been used by Kutucuoglu et al. [5] to develop performance measurement system in maintenance. Carnero [17] proposes a model that carries out the decision making in relation to the selection of the diagnostic techniques and instrumentation in the predictive maintenance programs. The model uses a combination of the AHP and factor analysis (FA). It considers a number of criteria that help to select the best alternative maintenance technique. Although this method considers both strategic, technical and managerial criteria, it does not build any relationship between management and technical requirements. Bashiri et al. [14] present an approach for selecting optimum maintenance strategy using both qualitative and quantitative data through interactions with the maintenance experts based on linear assignment method (LAM) with interactive fuzzy linear assignment method (IFLAM). Chemweno et al. [19] propose a risk assessment technique in maintenance decision-making domain using the analytic network process. Baidya and Ghosh [18] propose a framework for predictive maintenance indicator effectiveness (PMIE) based on the AHP and analyse the model based on multiple case studies. Wang et al. [20] applied fuzzy AHP methodology to evaluate the best maintenance strategy for different equipment.
In summary, three categories of studies have been undertaken in maintenance technique selection-application of multiple criteria decision-making techniques to accommodate strategic, planning and operational criteria; risk-based approaches that consider both multiple criteria and probabilistic analysis; and failure mode effect analysis (FMEA) approach that allows organization to derive condition of specific equipment or machine objectively through a few rule-based approach and facilitate deriving maintenance method accordingly. The previous studies have also recognized the need of considering strategic intents in maintenance technique selection and incorporated strategic criteria in selection model. However, the methods of identifying those criteria and integrating them with selection model objectively are not clearly explained in these researches. Therefore, there is clear knowledge gap on the processes of capturing strategic information and connecting them to maintenance method selection. This study bridges that gap. Although maintenance method selection for any equipment, machinery and productive system depends on technical specification, cost of maintenance and operational policy, linking them with organizational strategy in one hand enhances productivity of the system and on the other hand ensures overall organizational sustainability.
QFD has been deployed extensively to capture voice of customers for decision making across the functions of manufacturing and services operations [21] . QFD has been integrated with multiple criteria decision-making techniques for various decision making. Bhattacharya et al. [22] combine QFD with the AHP for robot selection in manufacturing, Chuang [23] uses for location decision, Hanumaiah et al. [24] apply for rapid hard tooling process selection, Ho et al. [25] adopt for strategic sourcing, and Dey et al. [26] analyse supplier performance. Although the above studies adequately address the consideration of aligning voice of customers with technical requirements in order to make decisions quantitatively across organizational functions and processes, none of the studies precisely address the realistic upper and lower limit of criteria importance for sensitivity analysis of the outcomes (i.e. decision alternatives). This study proposes a holistic maintenance technique selection method that combines both strategic intents of the organization with technical requirements of the maintenance crew in an analytical framework along with the robustness analysis. While QFD integrates strategic, planning and operational requirements of stakeholders across the organizational hierarchy, the AHP prioritizes decision alternatives, and benefit of doubt (BoD) approaches ensure the robustness of the model through introducing confidence interval and sensitivity BoD analysis. According to the authors' knowledge, the integrated QFD, the AHP and benefit of doubt approach neither has been used in prior studies nor has this been applied in maintenance technique selection.
The paper is organized as follows. Section 2 introduces the proposed integrated QFD, AHP and BoD approach. Section 3 describes the application of the proposed framework within a manufacturing organization in three different types of systems in order to demonstrate its effectiveness. Section 4 elucidates the results and findings from the case studies. Section 5 demonstrates contributions of the study and concludes with information for further scope of research. 
House of quality
The concept of house of quality (HoQ) has been first introduced by Houser and Clausing [27] . This house-like diagram provides information regarding the relationship between the customer's needs and how the business/firm will facilitate these needs. HoQ diagram consists of two parts: the relationship between strategic requirements of the higher management and operational needs of maintenance group, and the relationship between maintenance group's requirements and alternative maintenance techniques/technologies. These two HoQs facilitate derive relative ranking of maintenance methods using QFD [28] framework.
The proposed QFD-AHP-BoD approach
In order to utilize the information provided by QFD and derive the degree of importance of customer's requirements towards tangible and intangible technical characteristics, a QFD-AHP approach is adopted in this paper. The AHP is a multiple criteria decision-making (MCDM) technique, developed by Saaty [29] , where aiming at capturing the intra-relationships between criteria, both tangible and intangible through pairwise comparison. A graphical outline of the paper is presented in (Fig. 1) ; two HoQs are presented (HoQ-I and HoQ-II). In HoQ-I, the rows represent strategic requirements while columns the technical requirements. In HoQ-II, the rows represent technical requirements and columns represent alternate maintenance techniques. BoD [30] approach has been adopted to check the robustness of the proposed method through setting upper and lower limits of criteria weight. The comparisons are made using a scale of absolute judgements that represents how much more one element dominates another with respect to a given attribute [29] . Inconsistency is a major problem of the AHP methodology [29] . The index that measures consistency in the AHP is consistency ratio (CR). For the calculation of CR, consistency index (CI) which is calculated in (1) and random index (RI) must be provided; RI is a fixed number based on the dimensions of a pairwise comparison matrixA ij .
In (1), λ max stands for the largest eigenvalue of a pairwise comparison matrix A ij of dimensions n × n, while fixed values regarding RI are given in Table 1 . Finally, CR, which is the measure based on whether pairwise comparisons are consistent or not, is defined as the quotient of CI to RI.
Other constraints of the AHP has been demonstrated elsewhere [16] .
QFD was first applied by Japanese manufacturing organizations to meet customers' requirements throughout the design process and also in the design of production systems. A matrix is used to present data and information [31] . A full QFD application may make use of several HoQ diagrams, forming a sequence that gradually translate customer requirements into specific manufacturing steps and detailed manufacturing step requirements. Furthermore, QFD methodology is an overall concept that provides a means of translating customer requirements into the appropriate technical requirements for each stage of product development and production (i.e. marketing strategies; planning, product design and engineering; prototype evaluation; production process development; production; sales) [32] .
In this study, two HoQs have been used for the model development, linking the multiple criteria to form an effective decision making model. The generic model development has been explained below in steps.
1. The strategic managerial requirement was identified from the concerned expert group and also verified from the literature. This constructs/criteria are the "WHATs" of the HoQ-I. The importance of this constructs/criteria was derived through pairwise comparison based on the AHP.
2.
The technical criteria were identified based on the requirements of the maintenance group and the critical parts considered for the study. These constructs/ criteria are the "HOWs" of the HoQ-I. The relationship rating based on predefined scales 9, 3, 1 and 0 indicating strong relationship, medium relationship, weak relationship and no relationship respectively, is obtained. These ratings were obtained from the same expert groups. This analysis yielded the degree of importance (importance-2) of each of the technical criteria by correlating with the managerial requirements. Assuming that there are j = 1 , . . . , n technical requirements and customer requirements, the computation of degree of importance is performed as
In (2), W j is an n × 1 vector representing the degree of importance between technical requirement j and is defined as the product or quantified relationships between customer requirement i and technical requirement j(R ij ), as well as importance weighting of customer requirement i (C i ).
Degree of importance is further normalized by divid-
ing each element w j of vector W j by the sum of all the Overall score for maintenance tecnhology Fig. 1 Graphical representation of QFD-AHP methodology elements. The resulting normalized score for each technical requirement j is denoted as W j ′ and yields a value in the range of [0, 100]% .
4. The technologies available for the considered critical parts were identified from the literature, and a HoQ-II was developed. The WHATs part in HOQ-II relationship matrix are the technical criteria of the HOQ-I, and the HOWs are the technologies considered for the critical parts. 5. Finally, the AHP analysis is applied for the examined technologies based on each and every maintenance group; constructs/criteria are used to obtain the importance/Eigen vector (E ij ) for each alternative technology. The overall score for each requirement j denoted as S j is calculated by summing over index j, the product of the normalized score for each technical requirementjwith eigenvector score derived for each customer requirement i and technical requirement j. 6. Taking all the information regarding the normalized weights W 0 j , a linear programming (LP) model is formed in order to investigate the sensitivity of each weight with bound and preference constraints.
The ranking of the maintenance technology is based on the overall score as derived from step 5 [22] . The proposed methodology is graphically summarized in Fig. 2 .
The analysis employed is based on data envelopment analysis (DEA) technique and especially on BoD with bound and preference constraints. The optimal weights are calculated based on a LP model. The hierarchy formed in HoQ-II is shown in Fig. 3 .
Based on that hierarchical structure, the optimal weights are to be calculated in order to provide a ranking for technical requirements. Weights assigned to each "branch" come from HoQ-I, and the target in that analysis is to recalculate the weightsW 0 j based on the proposed BoD model. The aim of the LP model is to maximize S j , which in this case is serving used as a CI. Based on (5), the objective function (6) is to maximize the overall score∑ j S j , while this score should yield a maximum value of 1 so constraint (8) is introduced in order to bound each score to 1. Weights that are calculated in HoQ-I are used as initial points and bounds are constructed. Thus, each initial weight value is eventually corrected based on an initial estimation of the weights calculated from HoQ-I. Therefore, constraints (9) and (10) are formulating the bounds placed on each weight. Finally, preference constraints are introduced in order to retain the order of weights provided from HoQ-I. Non-negativity constraint (12) is introduced to prevent each weight of taking a negative value. Upper and lower bounds of constraints (9) and (10) that correspond, placed on weights W 0 j , are constructed based on the weights derived from HoQ-I. Following that, scenarios on upper and lower bounds are considered with the following procedure presented in pseudo-code in (13) . As it can be seen in (13), upper and lower bounds as presented in constraints (9) and (10) are calculated based on the initial value of W 0 j . The increment based on which ranges are constructed is based on ORD function which corresponds the order of set sc with a number. If upper bound value exceeds 1 or lower bound becomes a negative number, then a readjustment is made. This procedure implies that the presented LP model is solved sc times. In this case, 50 scenarios were assumed for bounds starting from ±1 to ±20 %.
for sc ¼ 1; :::; sc
Preference set of constraint (11) is introduced to retain the ranking of the criteria (technical requirements) based on the weights derived from HoQ-I.
3 Model application on case study 3.1 Step by step approach
The proposed model has been applied to a gear manufacturing organization in India to demonstrate its effectiveness. Gears are the integrated parts of machines for power transmission. With the advancement of technology, gear manufacturing comes under one of the hi-tech manufacturing industries. It deploys complex machineries and needs sophisticated technologies/techniques for maintenance. Gear manufacturing is in growing trend in India with the recent advancement of automotive industry. However, most appropriate maintenance technique selection for various systems within a complex machine is still challenging. The company under study manufactures a wide variety of gears with turnover of 6 million pound. The organization deploys modern machines, and equipment in their production line and maintenance services are provided by a dedicated maintenance department. The modern state of the art machines are maintained by the original equipment manufacturers (OEMs). The manufacturing/production and maintenance groups work closely in order to keep the production up to the target. The following paragraphs demonstrate the application using step by step approach.
Step 1: The board of directors including the production director of the concerned organization was engaged for the case study in order to identify their requirements through the voice of customer (VOC). The requirements of the board members and the concerned stakeholders were obtained in a focussed group of five persons-the finance director, marketing director, production directors, general manager and production manager. The following constructs/ criteria [33, 34] were derived from their requirements return on investment, running cost, reliability, operability, flexibility, machine availability, safety, resource utilization and energy consumption
The importance of each criterion is determined using pairwise comparison following the AHP approach with the involvement of the concerned stakeholders. These criteria are the WHATs for the HoQ-I (that is the first QFD relationship matrix), and their ratings were obtained from the same focussed group using questionnaires survey. The questioner was prepared for the collection of the qualitative data so as to analyse the decision model. The questionnaire was developed based on the obtained constructs and their relationships. The answers were obtained on a predefined scale of AHP and QFD. The answers were obtained from executives of the participating organization. The participating executives are all functional experts in manufacturing and maintenance and having more than 15 years of industry experience. Table 2 shows the results of pairwise comparison and relative importance of criteria as well as consistency ratio.
Step 2: The strategic maintenance requirement of the concerned organization was identified through brainstorming session with the selected focussed
. . . . . Fig. 3 Hierarchy structure in HoQ-II maintenance group consisting of five of the top maintenance group board members and other stakeholder members, including R&D department engineers, chief maintenance engineer, chief plant engineer and production engineer. These requirements are the HOWs for the HOQ-I. The focussed group identified the three critical parts of the machines for the study. They were bearing system, gear system and lubrication system. Vibration analysis, acoustic emission, shock pulse method and oil analysis are considered as alternative maintenance techniques for bearing and gear systems. For lubrication system, the alternative maintenance techniques are process parameter, performance monitoring and oil analysis. The requirements of maintenance department were derived through brainstorming with the involvement of experienced maintenance crew. The technical requirements are as follows: (a) indicating cost of setup, (b) number of probes required, (c) maintenance time required, (d) time for setup, (e) meets maintenance standards, (f) breakdown/ corrective maintenance reduction, (g) life cycle of the setup, (h) frequency of equipment inspection, (i) support equipment required, (j) technical expertise required for maintenance, (k) effectiveness of the setup and (l) reparability of the setup. The following paragraph briefly describes the proposed alternative maintenance methods.
Vibration analysis still remains the most popular maintenance technology for rotating equipment [35] . Its applications have been presented for monitoring the gearbox [36] and the bearings [37, 38] . The measurement and interpretation of acoustic emissions (AE) parameters for fault detection in radially loaded ball bearings have been demonstrated at different speed ranges [39] . In addition, the application of AE for the detection of bearing failures has been presented by Tan [40] . Little or no vibration may be evident while faults are developing, but analysis of the oil can provide early warnings; a case study of a wind turbine gearbox is presented by Leske and Kitaljevich [41] . Shock pulse method (SPM) has been used as a quantitative method for condition monitoring of bearings and works by detecting the mechanical shocks that are generated when a ball or roller in a bearing comes in contact with a damaged area of raceway or with debris [42] . Signals are picked up by transducers, and analysis gives an indication of system condition [43] . Process parameters are the maintenance based on the detection of signals exceeding predefined control limits, control systems becoming increasingly sophisticated and diagnostic capabilities even better. Transient and oscillatory stabilities were analysed with different wind scenarios for electricity generation process [44] . Zaher and McArthur [45] give an explanation of the use of signals and trending for fault detection based on parameter estimation. Performance monitoring analysis the relationship between parameters such as power, wind speed, blade angle and rotor speed for an assessment of wind turbine condition and for the early detection of faults [46] .
Step 3: The strategic/managerial criteria and the maintenance group requirements relationship were correlated according to QFD scale (strongly, moderately and weekly related and no relationship). The participants developed consensus on every relationship through brainstorming. Their responses were considered along with the importance of the strategic requirements in order to determine overall importance of the criteria/requirements of the maintenance group using Eqs. (3) and (4) (Fig. 2) . The HoQ-I (Table 3 ) depicts the numerical figures for the case study organization. The outcome of this step is the importance of the requirements of maintenance group.
Step 4: In this step, the relative priority of alternative maintenance techniques against each criteria as derived by the maintenance group was revealed using pairwise comparison in the AHP framework. The participants consensually provide the rating using Saaty's scale [29] . The outcomes of the pairwise comparisons along with relative priorities of each maintenance technique for the bearing system were derived; one of them has been depicted in Table 4 .
Step 5: The importance/Eigen vector (E ij ) for each alternative technology/technique obtained from the above step was used as the relationship rating for the HOQ-II. The importance of each criterion of maintenance group's requirements came from step 3. The overall relative weights and ranking of the maintenance techniques were derived using Eq. (5), as it can be seen in Fig. 2 . The HoQ-II for bearing system, gear system and lubricating system are shown in Tables 5, 6 and 7 respectively.
Step 6: In this section, a robustness analysis is performed for the evaluation of weights assigned to each technical requirementj. The notion behind this meta-analysis is to identify weight's variability and therefore to examine how robust is the decision made, from the insight of the decision maker. In other words, the analysis provides a level of how certain the decision maker could be when ranking the technical requirements in term of weights. Generally, this technique is applied for composite indicators but is flexible and presents information regarding the weights and value of each criterion based on preselected alternatives [47] .
For illustrative purposes, an application is demonstrated in "Bearing system framework for company" presented in Table 5 , but the proposed sensitivity analysis can be applied to the other systems (gear system, lubrication system). The technical requirements are denoted with numbers: (1) cost of setup, (2) number of probes required,..., (12) reparability of the setup. Based on Table 5 (weight column), it is assumed that 4 ≺ 3 ≺ 7 ≺ 9 ≺ 12 ≺ 1 ≺ 11 ≺ 10 ≺ 8 ≺ 2 ≺ 5 ≺ 6, whereas ≺ indicates the preference of a technical requirement over another; for instance,5 ≺ 6 is translated as 6 is preferred from 5. To that end, a technical requirement A which is preferable from a technical requirement B is modelled with constraint (13).
In (14), ε stands for a very small positive number and is introduced in order to exclude the fact that two weights will have the same value; a modified BoD model ( (6)- (12)) provides the optimal readjusted weights of the hierarchy form presented in Fig. 3 . Preference set of constraints introduced in (13) is analysed with the constraints regarding preferences (15)- (25) .
After solving BoD model, the following results regarding weight ranges are presented in Table 8 .
Based on the approach presented above, let us see an example of the applicability of the sensitivity analysis. The normalized weight assigned to cost of setup (technical requirement 1) is 0.482. In order to measure the sensitivity of each weight that corresponds to technical requirements with respect to the values, the following bounds are considered for each scenario. The bounds, as shown in (26) and (27) , correspond to a ±1% deviation in the base value of the weight for scenario 1. Solving BoD model with objective function (6) and constraints (7)- (12), the weight W 0 j¼1 yields an optimal value of 0.4851. The corresponding bounds for scenario 50 are given by [0.3858, 0.5788], while the optimal value for scenario 50 of W 0 j¼1 is 0.5768. As ranges do not provide a representative image of each weight's variability, standard deviation measure is employed for each range (Fig. 4) .
In Table 8 , the range of each technical requirement is calculated with respect to minimum and maximum values for each scenario.
According to Fig. 4 , the technical requirements with the smallest variability are 5, 6 and 2, while the one with the largest is technical requirement 10. From this analysis, it can be concluded that the decisions regarding technical requirements with smallest variability in the weight ranges are more stable than those with largest variability in the weight ranges.
Results and findings
This section demonstrates the specific findings from the application of the proposed framework in the case study organization. Three most strategic requirements of the management of the case study organization were safety, reliability and return on investment in sequence. In line with strategic intents of maintenance, the maintenance group's prioritized requirements were "corrective maintenance reduction", "meets standard of a maintenance system", "number of probes required" and "frequency of equipment inspection". Overall, the combined QFD and the AHP analysis reveal that "shock plus method", "vibration analysis" and "process parameter" were selected for bearing, gear and lubricating system respectively. The analysis for bearing revealed that the shock pulse method with overall score 28.07 was the best followed by acoustic emission with overall score of 24.19 and the worst was oil analysis with value of 23.57. In a similar way, the analysis of the gear system was done and it revealed that vibration analysis was the most effective technology followed by acoustic emission, and on analysing the lubrication system, the most effective technology/technique was process parameters followed by the oil analysis. Surprisingly, technologies with the least importance for all the system except for the lubrication analysis was found to be oil analysis, which the case study organization used to deploy prior to this study for every maintenance need. Currently, the oil analysis is deployed for maintenance as this option is less expensive compared to other techniques. However, the strategic intents/managerial requirements are not aligned with current approach to selected maintenance technique. The combined QFD and the AHP method provide a robust and holistic approach to select the right maintenance technique for specific system. For the gear system, the vibration analysis was the best followed by the acoustic emission. For the bearing systems, shock pulse method was the best followed by acoustic emission. The analysis of the lubrication system also indicated that the process parameter is the best which is an inbuilt system in any machinery. The company should exclude the oil analysis from the maintenance system unless the strategic maintenance requirement is changed as it showed the least importance in most of the analysis. The oil analysis for lubrication system can be used as secondary maintenance technology/technique as it is the most effective technologies for lubrication system analysis. Hence, this study provided effective way of obtaining the most effective technology based on the strategic needs of the organization. It has also been revealed from the case study that the organization was selecting maintenance technique on economic criteria alone without considering sustainability issues. The research presents an approach for an effective and sustainable maintenance system selection model. The model also provides an effective designing methodology for any company's maintenance needs; the change of managerial criteria and there degree of importance or the maintenance group requirements can alter the result. Thus, this model is versatile for designing an effective maintenance management system according to the need of the industries. The consolidated results (selection of specific maintenance technique) of the case study is given in Table 9 . The proposed analysis is linked with BoD approach and is used as a second stage analysis in order to measure the sensitivity of the weights preferences (decisions). The weights that are derived by QFD-AHP approach are recalculated. The weights are not considered to be fixed, and sensitivity of the weights is calculated as a means of robustness (Fig. 4) .
Discussion and conclusion
Maintenance technique selection has strategic significance as production system's availability is directly connected to any manufacturing organization's economic performance. Currently, maintenance techniques are selected mainly on the basis of specific technical needs of the production system along with economic factors only. In other words, technically feasible least cost option is considered for maintenance technique selection. This causes several issues as quite often least cost option is not the best in long term as well from total cost ownership perspectives. Additionally, consideration of environmental and social criteria helps achieve image for global reach. Therefore, there is need for analysing the issue from holistic perspectives considering the strategic intents of maintenance of productive unit and identifying criteria for maintenance technique selection more objectively with the involvement of concerned stakeholders. This study considers both strategic/managerial criteria and requirements of the maintenance group for developing a framework for selecting most appropriate maintenance technique. The framework is based on three decision-making techniques-quality function deployment (QFD), the analytic hierarchy process (AHP), and benefit of doubt (BoD). They are combined together to form a decision support system that enables organizations to select the right maintenance technique for specific system/machinery/equipment. The framework needs active participation of the concerned stakeholder to identify the constructs for selection, derive the importance, prioritize of the alternative maintenance techniques and analyse sensitivity of the decisions through robustness calculation. The proposed framework is dynamic and flexible and can accommodate varied criteria as per the needs of the stakeholders. The case study reveals that prior to the application of the proposed framework, the organization under study emphasized on economic factor while selecting maintenance techniques for their production system. However, the study derives that the strategic emphasize of the organization's maintenance needs are reliability, safety and return on investment. As the organization currently emphasizes on efficiency in their maintenance techniques selection, there exist a clear mismatch between their strategic intents and operational decision. The two-stage analysis (as shown in HoQ-Ι and HoQ-II) reflects consideration of varied criteria in strategic and operational levels, their importance as derived with the involvement of the concerned stakeholders and overall priorities of the maintenance techniques selection using combined QFD and the AHP approach. Additionally, the robustness analysis of the importance of technical requirements is conducted. Based on bounds placed on the weights derived from HoQ-I, bounds are introduced as constraints, while preference constraints guarantee the order to each technical requirement. Based on this analysis, the most sensitive to changes, weight is derived.
The outcomes of the analysis reveal that for all the three cases the selection was on the basis of holistic criteria with less emphasize on maintenance cost. Maintenance quality, environment friendliness and greater sustainability received more importance and techniques that are aligned with these criteria got selected. Therefore, the proposed framework provides a robust approach that can be applied to any situation for maintenance technique selection within a productive system in line with both strategic and operational needs of the stakeholders. Although maintenance system technique/technology selection using multiple criteria decision making techniques has been researched extensively, very little work has been done to capture stakeholders' perspectives in maintenance decision-making models very systematically. This study bridges this gap by integrating stakeholders' requirements in model building using QFD. Additionally, although the combined QFD and the AHP approach have been used in prior research, there is no study that uses combined QFD and the AHP for selecting maintenance technique. Therefore, this study contributes an integrated decision support system for maintenance technique selection to improve overall productivity of manufacturing organizations.
The proposed framework addresses one of the most important aspects of maintenance procedure; the effectiveness of the technologies used in CBM and simultaneously meets the objective requirements of the strategic needs of the organization and the needs of maintenance engineers. This develops synergy between operational needs and the strategic intents of the organization. The proposed framework also enables to eliminate least effective and obsolete technologies from company's maintenance policy so as to make the organization more productive. The proposed combined QFD, the AHP and BoD model has been also validated through qualitative interviews with nine persons (three each from board, middle-level management and supervisors) in a structured workshop. They have been shown the demonstration of the application of the model through detailed presentation of the model and its application in three productive systems. The participants have been subsequently asked the on adoptability, usefulness, pros and cons, etc. All the participants conveyed positive remarks on the adoption of the model and presented their positive strategic benefits achieved in long-term organization goal.
The present work can be extended in several ways. The couple of scopes is introduced here. The stakeholders' requirements could be derived from issues and challenges of each process. This will add an additional house of quality that links processes with issues and challenges just before the proposed HoQ-1 as introduced in this study. Instead of the AHP, one can use the analytic network process (ANP) that will allow accommodating the relationship among the criteria. The fuzzy theory will facilitate to consider ranges of outcomes for each alternative. Additionally, combination of these tools and comparison among them might produce interesting perspectives that can help a few users to select their models more objectively. The analysis of causal relationship of organizational productivity and maintenance technique selection using structure equation modelling (SEM) could be another area one could be interested to reveal. According to authors' knowledge, there is very little work in this direction. 
